We have investigated high deposition rate processes for the fabrication of thin-film silicon tandem solar cells. Microcrystalline silicon absorber layers were prepared under high pressure depletion conditions at an excitation frequency of 81.36 MHz. The deposition rate was varied in the range of 0.2 nm/s to 3.2 nm/s by varying the deposition pressure and deposition power for given electrode spacings. The silane-to-hydrogen process gas mixture was adjusted in each case to prepare optimum phase mixture material. The performance of these tandem solar cells was investigated by external quantum efficiency and current-voltage measurements under AM1.5 illumination before and after 1000 h of light degradation. Up to deposition rates of 0.8 nm/s for the microcrystalline silicon absorber layer high quality tandem solar cells with an initial efficiency of 10.9% were obtained (9.9% stabilized efficiency after 1000 h of light degradation).
Introduction
Microcrystalline silicon is widely used as absorber layer of the bottom solar cell in the amorphous/microcrystalline thin-film solar cell concept. This solar cell concept was pioneered by research groups in Neuchâtel, Jülich and at Kaneka Corporation [1] [2] [3] . The use of stacked solar cells with different optical bandgaps facilitates the efficient utilization of the solar spectrum [4, 5] . Due to the indirect semiconductor bandgap of microcrystalline silicon a thickness of more than 1 μm is favorable to have enough light absorption, particularly in the long wavelength region. Increasing the thickness of the bottom solar cell absorber layer is also one approach to achieve current matching between top and bottom solar cell.
Increasing the efficiency or reducing the manufacturing cost of thin-film solar cells are two approaches to increase the cost competitiveness of the thin-film silicon technology. We investigate processes which target high material growth rates to reduce the fabrication costs per unit and to increase the throughput of the deposition system. Studies on how to reach world record solar cell efficiencies were given by Hänni et al. [6] for μc-Si:H single junction solar cells and by Kim et al. [7] and Guha et al. [8] for multijunction solar cells. Further details about the recent developments in the field of thin-film solar cells from research a e-mail: ma.meier@fz-juelich.de scale to industrial scale can be found in a comprehensive overview published by Shah et al. [9] .
In this study we investigated based on the results of our earlier studies [10] [11] [12] the effect of an increased deposition rate for the μc-Si:H absorber layer on the quality of state of the art thin-film tandem solar cells. Here, we also investigate the effect of high deposition rate used for fabrication of μc-Si:H bottom cell on the stability of the tandem solar cells under light induced degradation. To achieve high deposition rates while maintaining the material quality two approaches were combined. These were: deposition processes in the high pressure depletion (HPD) regime [13, 14] , and the use of high excitation frequencies in the VHF band (ν ex > 30 MHz) [15] [16] [17] .
Experimental details
For the device fabrication commercially available glass covered with SnO2:F (Asahi type VU) served as substrate. Silicon layers were deposited by plasma enhanced chemical vapor deposition (PECVD) on 10 cm × 10 cm large substrates using a clustertool deposition system which is described in detail in reference [12] . For the a-Si:H top solar cell and the μc-Si:H bottom solar cell the p-i-n deposition sequence was used in the superstrate configuration. The top solar cell is formed by a layer stack consisting of p-type a-SiC:H, intrinsic a-Si:H, and n-type μc-Si:H layers. The bottom solar cell is formed by a layer stack 2 was defined by a laser scribing step. Apart from the deposition conditions of the μc-Si:H absorber layer of the bottom solar cell, all deposition parameters remained unchanged during the experiments. The deposition rate of the absorber layer of the bottom solar cell was varied by adjusting the deposition power, the silane concentration, and the deposition pressure. To ensure a similar total thickness of the terminated devices the deposition time of the bottom solar cells absorber layer was adjusted according to the deposition rate. The deposition power was varied between 20 W and 400 W, the silane concentration was varied between 2.4% and 7%, and the deposition pressure was varied between 1 hPa and 5 hPa. The silane concentration SC is defined by the ratio of the silane Q[SiH 4 ] and the hydrogen Q[H 2 ] mass flow into the deposition chamber:
.
The absorber layers of the solar cells used as reference devices in this study were processed at a deposition power of 20 W, an electrode distance of 11 mm, a deposition pressure of 1 hPa, and an excitation frequency of 81.36 MHz. The photovoltaic parameters of the solar cell -the conversion efficiency η, fill factor FF, open-circuit voltage V oc , and short-circuit current density J sc -were measured using a double beam WACOM-WXS-140S-Super (Class A) sun simulator. External quantum efficiency measurements were performed at 25
• C without bias voltage under short-circuit conditions. The J QE current density for each sub-cell of the tandem solar cells is calculated by the spectral integration of the EQE data and the AM 1.5 spectrum.
The photovoltaic-parameters and the external quantum efficiency (EQE) were measured on selected samples before and after 1000 h of light induced degradation (LID). During the light-soaking procedure the illumination was constant at 1000 W/m 2 and the temperature was held constant at 50
• C. The following results present the data for the best solar cell out of the 18 solar cells fabricated for each sample set. The solar cell active area is 1 cm 2 . Figure 1 shows the photovoltaic-parameters as a function of the deposition rate of the absorber layer of the μc-Si:H bottom solar cell prepared at various deposition pressures. The best device performance with an efficiency of 12.1% was observed for the reference process at a deposition rate of 0.2 nm/s. With the exception of the reference solar cells all μc-S:H i-layers were processed at 3 hPa, and 5 hPa. The reference solar cell μc-S:H i-layer was processed at 1 hPa. For the solar cells where the μc-Si:H i-layer was processed at 3 hPa the deposition power was varied between 50 W and 100 W with varying SC between 3.4% and 3.9%. For the solar cells where the μc-Si:H i-layer was processed at 5 hPa the deposition power was varied between 50 W and 400 W while the SC was varied from 2.4% to 7.0%. The simultaneous variation of the deposition pressure, the deposition power, and the silane concentration was necessary to achieve device grade μc-Si:H i-layers at elevated deposition rates [12] and thus to guarantee the optimal processing conditions for the fabrication of high quality thin-film solar cells. Processes leading to device grade microcrystalline silicon were presented 45201-p2 Table 1 . Deposition and photovoltaic-parameters for sample 1 (reference process) and samples 2 and 3. Samples 2 and 3 are the samples which show the best efficiency for the sample set where the absorber layer of the bottom solar cell was processed at 3 hPa and 5 hPa, respectively. The deposition parameters are abbreviated as follows: deposition pressure p, electrode distance d, deposition power P , silane concentration SC, and deposition rate RD. The photovoltaic parameters describe the efficiency η, the fill factor FF, the open-circuit voltage Voc, and the short-circuit current density Jsc. in an earlier parameter study [12] . The criteria to classify silicon layers as device grade material have been taken from [2, 18] . With increasing deposition rate, the efficiency of the solar cells decreases around 3% (absolute scale) until a deposition rate of 1.1 nm/s. Increasing the deposition rate above 1.2 nm/s resulted in a significant decrease of the device performance. The open-circuit voltage for those samples is below 1.3 V while the short-circuit current density is below 4 mA/cm 2 . The best solar cells where the μc-Si:H i-layers were processed at elevated deposition pressures of 3 hPa and 5 hPa show efficiencies of 10.9% and 9.1% and deposition rates of 0.8 nm/s and 1.1 nm/s, respectively. The photovoltaic-parameters and the depositions conditions of these solar cells together with the reference solar cell are summarized in Table 1 . In the following these solar cells will be referred to as sample 1, sample 2, and sample 3, according to Table 1 . Comparing sample 1 and sample 3 an increase of the deposition rate from 0.2 nm/s to 1.1 nm/s resulted in a decrease of 45 mV in the open-circuit voltage, and a decrease in the short-circuit current density of approximately 2 mA/cm 2 . When compared to sample 1, sample 2 also showed reduced open-circuit voltage and reduced short-circuit current density with increasing deposition rate, although the effect is not as strong as for sample 3 . The open-circuit voltage decreases by 20 mV while the short-circuit current density decreases by 1.3 mA/cm 2 , with an increase of the deposition rate from 0.2 nm/s to 0.8 nm/s. Samples 1 to 3 were further investigated by light-induced degradation (LID) and EQE measurements. Figure 2 shows the photovoltaic-parameters of samples 1 to 3 as function of the degradation time. The efficiency of sample 1 decreases from 12.1% to 10.4% after 1000 h of LID. For sample 2 the efficiency of the solar cell decreases from 10.9% to 9.9% after the light soaking procedure. For sample 3 a reduction in the solar cells efficiency from 9.1% to 7.9% within the first LID cycle is observed. Afterwards the efficiency stabilizes around 8% and doesn't show any further degradation with proceeding LID. There is a strong decrease in J sc and V oc of sample 3 at degradation times of 150 h and 300 h. This is attributed to contacting issues during the measurement of the IV characteristic. Within the uncertainty of the measurement setup, there is no dependency of the J sc or V oc on the degradation time, for any sample.
Results
For the timeframe of 0-100 h of LID, the fill factors of all samples decreased with increasing degradation time. increases slightly with increasing degradation time. However, the interpretation of the fill factor should be taken with care. For example a high value of FF can be caused by a mismatch between the currents generated by the top and the bottom solar cell. Thus, it is seen that the current matching between a-Si:H top solar cell and μc-Si:H bottom solar cell changes with proceeding degradation time. Figure 3 shows the current density J QE derived from EQE measurements for top and bottom solar cell as a function of deposition rate R D before (Fig. 3a) and after (Fig. 3b) 1000 h of LID. Before LID the J QE generated by the top and the bottom solar cell decreases with increasing deposition rate.
After LID the J QE generated by the top solar cell increases slightly with increasing deposition rate, whereas the J QE generated by the bottom solar cell decreases with increasing deposition rate. The values for the J QE for the top solar cells are reduced after LID compared to the initial values. Prior to LID all samples are limited by the current of the bottom solar cell in the as-deposited state. After the LID samples 2 and 3 are still limited by the current of the bottom solar cell whereas sample 1 shows good current matching conditions between the a-Si:H top and μc-Si:H bottom solar cell. The quality of the matching between the top and the bottom solar cell current is visually expressed by the difference (ΔJ QE ) between the J QE values for top and bottom solar cell for each sample. After LID, the difference ΔJ QE decreases for sample 1 from 0.66 mA/cm 2 to 0.17 mA/cm 2 , for sample 2 from 2.1 mA/cm 2 to 1.4 mA/cm 2 , and for sample 3 from 3.7 mA/cm 2 to 3 mA/cm 2 . Figures 4a-4c show the results of EQE measurements for samples 1, 2, and 3, respectively. The current density values J QE for the top and bottom solar cells before and after LID are displayed in each figure. The initial values are displayed in bold face, and the EQE curves for the initial case are displayed as solid lines. The EQE curves for the stabilized cases are displayed by dashed lines. The EQE curve of the top solar cell as well as the bottom solar cell of the reference sample are both reduced by the LID (see Fig. 4a ). The EQE of the top solar cell is reduced in the wavelength region between 380 nm and 580 nm, 
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whereas the EQE of the bottom solar cell is affected in the wavelength region between 650 nm and 870 nm. Both samples deposited at elevated deposition rates show a reduced EQE for the bottom solar cell compared to sample 1. Furthermore the reduction is more pronounced for the sample 3 compared to sample 2. The top and bottom solar cells of sample 2 and 3 are less affected by the LID compared to the reference sample 1.
Discussion
The discussion part is organized in two parts. In the first part we discuss the effect of a varied deposition rate on the device performance. In the second part we present a model calculation about potential cost benefits when applying elevated deposition rates on an industrial scale.
To achieve high deposition rates for device grade microcrystalline silicon it is necessary to adjust the deposition parameters over a broad range. Adapting the deposition parameters may strongly influence the reactions in the glow discharge. Varying the deposition power or the deposition pressure for example leads to a modification of the ion bombardment of the growing film which in turn influences the growth properties of microcrystalline silicon [12] . The fact that the quantum efficiency of the top solar cell is not strongly affected by the application of the processes leading to high deposition rates for the absorbing layer of the bottom solar cell shows the energies of the bombarding ions are not sufficient to damage the i-n interface of the top solar cell. The decrease of the opencircuit voltage and the short-circuit current density can be attributed to a deterioration of the p-i interface of the bottom solar cell. Samples 2 and 3 show less degradation of the bottom solar cells compared to sample 1. This can be attributed to the effect that microcrystalline layers processed at elevated deposition rates grow with a pronounced Raman intensity ratio 1 . This assumption is supported by the reduced open-circuit voltage seen in the as-deposited state of the solar cells with increased deposition rate.
A slight increase of the efficiency of sample 2 and 3 is observed for degradation times beyond 100 h (see Fig. 2 ). Additionally, an increase of the fill factor is observed for all samples for degradation times exceeding 100 h. Both effects might be attributed to a bottom limited current device and the improved current matching conditions caused by light induced degradation (see Fig. 3 ).
Together with industrial partners we are investigation within the "Fast Track" project (see acknowledgements) the possibility to scale processes which yield high deposition rates from laboratory scale to industry scale. To deduce a value for the cost benefits that can be used to compare both processes, a model calculation is presented. We assume that there are no further losses in the device performance during the up-scaling of the processes to large areas. Furthermore we do not include interconnection losses which may be introduced during the module fabrication For sample 2, with an efficiency of 10.9% and a processing time of 70 min for the absorber layer of the bottom solar cell, we can calculate in an analogous way an output value of 93.4 W/(m 2 h). Thus by the introduction of processes leading to elevated deposition rates it is possible to increase the output of the i-chamber by a factor of 2.3.
Conclusion
The effect of the deposition rate of μc-Si:H absorber layers was investigated in the range of 0.2 nm/s and 3.2 nm/s on the performance of thin-film silicon tandem solar cells. For a deposition rate of 0.8 nm/s, which corresponds four times the deposition rate of the reference process, an initial efficiency of 10.9% with a stabilized efficiency of 9.9% was observed. Despite the reduction in efficiency of 1.2% for the sample processed at a deposition rate of 0.8 nm/s compared to the reference solar cell, calculations show that the output of the deposition system in terms of Watts per hour and area can be increased by a factor of 2.3 due to reduced processing times.
